We demonstrated a high average power, high beam quality, narrow linewidth, quasicontinuous wave (QCW) diode-pumped 1064-nm Nd:YAG amplifier. A narrow-linewidth QCW pulse Nd:YAG oscillator was employed as the seed laser, providing a maximum average power of 53.4 W at a pulse repetition frequency of 500 Hz and pulse width of 108 μs with a beam quality factor M 2 = 1.21. After that, a two-stage double-pass Nd:YAG amplifier was performed. The amplifier delivers a maximum output power of 238 W with a linewidth of 0.4 pm and a tunable range of 119.3 pm. The beam quality was measured to be M 2 = 1.65. To the best of our knowledge, this represents the highest average power and the highest brightness for a narrow-linewidth QCW microsecond pulse 1064-nm laser.
Introduction
Narrow linewidth lasers with good beam quality have attracted much attention in recent years due to their laser diverse applications in remote sensing, gravitational wave detection, nonlinear frequency conversion [1] - [4] . Recently, [5] reported a widely tunable in the middle infrared radiation (2.7 to 17 μm) based on BaGa 4 Se 7 crystal optical parametric oscillator pumped at 1064 nm. Additionally, 1064 nm has especially application in sum frequency generation (SFG) with 1319 nm to produce 589 nm sodium laser guide star (LGS). The use of LGS along with adaptive optics (AO) allows large telescopes to significantly improve image resolution. Nowadays, there are several kinds of LGS format, such as continuous wave (CW), quasi-CW (QCW) microsecond (μs) pulse, and modelocked short pulse [6] - [8] . Comparison with CW LGS format, the pulsed LGS format is a better for solving Rayleigh scattering and fratricide problem [9] . Theoretical study of photon return efficiency of pulsed sodium LGSs have been reported by Rampy et al [10] . On the other hand, high peak power of mode-locked short pulse lasers would easily induce absorption saturation of sodium atoms in the mesosphere, thereby decreases the photons flux return [11] . Obviously, a QCW μs pulse laser format is the optimum strategy.
As single laser guide star has a small field of view image, it could not meet the need of nextgeneration extremely large ground telescopes. Therefore, multi-laser guide stars (MLGSs) has attracted more interesting to increase the field of view image [12] , [13] . Nevertheless, those MLGSs either composed of several lasers or beamlet lasers which could be produced by splitting a high power laser beam. Obviously, the latter is a simple and impact approach and opens a new way for MLGSs application. In order to achieve a high power high beam quality narrow-linewidth QCW μs pulse 589 nm laser, both fundamental QCW μs pulse 1064 and 1319 nm lasers with high power and narrow-linewidth need to develop urgently.
In this letter, we focuses on the development of high power high beam quality narrow-linewidth QCW μs pulse 1064 nm laser. In fact, very little works about the QCW μs pulse 1064 nm laser with narrow-linewidth were reported. Previously, a 35 W Nd:YAG laser at pulse repetition frequency (PRF) of 500 Hz with linewidth of 0.7 GHz was presented [14] . Recently, reference [15] Here, we demonstrated a 200 W level QCW μs 1064 nm Nd:YAG master oscillator and power amplifier (MOPA) system. Two etalons were employed in the oscillator to suppress the laser linewidth, the 108 μs pulse seed laser provided a maximum average power of 53.4 W operated at 500 Hz with linewidth of 0.36 pm and beam quality M 2 = 1.21. In order to further scaling of the output power, two stage double-pass amplifier architecture were adopted, instead of previous sing-stage double-pass amplifier [11] , and achieved output power up to 238 W with M 2 = 1.65, linewidth of 0.4 pm, and tunable wavelength range of 119.3 pm. To the best of our knowledge, this represents the highest average-power for narrow-linewidth QCW μs pulse 1064 nm laser. Moreover, it was hoped to achieve more than a 100 W levels 589 nm laser.
Experimental Setup
The experimental setup of the narrow-linewidth QCW μs pulse 1064 nm laser was a MOPA configuration, as shown in Fig. 1 . A three-mirror ring cavity was used to attain narrow-linewidth oscillator laser output, the convex mirrors M1 and M2 were high-reflection (HR) coated at 1064 nm at the incident angle of 17°. P1 was a planar thin-film polarizer (TFP) as an output coupler. A 90°quartz rotator (QR) coated with antireflection (AR) film at 1064 nm was placed between the two laser heads LH1 and LH2 to compensate thermally induced birefringence [16] - [18] . The Faraday rotator (FR) used here rotates the polarization angle of 1064 nm by 22.5°. The combination of the FR, the half-wave plate (HW), and P1 makes the ring laser operate unidirectionally. Two etalons FP1 and FP2 with different thickness made of suprasil 3002 (Heraeus) were carefully designed to achieve more narrow-linewidth 1064 nm laser, the finesse and FSR of the thin etalon FP1 are 8.76 and 148 GHz, and the finesse and FSR of the thick etalon FP2 are 4.44 and 13 GHz, respectively. The thick etalon FP2 was glued on the surface of a PZT. The PZT acts as the servo to control the angle of the etalon to tune and stabilize the laser wavelength accurately. A type-II noncritical phase matching LBO crystal with an aperture of 4 mm × 4 mm was employed as the doubler to suppress the inherent spiking behavior due to relaxation oscillations in pulse-pumped solid-state lasers. Temperatures of the etalon and LBO are controlled by a temperature controller with a precision of ±0.1
• C. The seed laser from the 1064 nm oscillator was injected into the amplifier system after being reflected by HR plane M3. To optimize the laser resonator, the cavity length of the ring laser is calculated by using the standard ABCD ray propagation matrix based on the careful measurement of the thermal focal length in a single Nd:YAG rod [19] . The measured thermal focal length of a single laser head is approximately 570 mm at the maximum pump input power for the oscillator, and the optical cavity length of seed ring oscillator is approximately 1645 mm.
In order to achieve high power and high beam quality, two-stage double-pass Nd:YAG amplifier chains and space filter were utilized. Each amplification stage included two Nd:YAG laser heads with a 90°QR inserted between them. F1 to f6 are lens to make the seed beam diameter to match Nd:YAG rod in laser heads. P2 and P3 are TFP at 1064 nm for an incident angle of 56°. QW1 and QW2 are quarter wave plate. Convex mirrors M4 and M6, and plane mirror M5 were coated with HR at 1064 nm. After the seed laser was amplified by LH3 and LH4 in the first pass of the first stage, it passed through a spatial filter combined f2, f3 and a pinhole. By means of QW1, the beam after a round trip would change its polarization state to the orthogonal direction. Then, it was reflected by M4 and re-entered into the LH3 and LH4 to get a second pass amplification. Afterwards, the amplified beam from the first stage was reflected by P2, and M5, then it entered the second amplifier stage operated basically the same as the first stage.
The laser heads LH1 to LH6 mention above are identity. Each Nd:YAG rod is doped with 0.6 at.% Nd 3+ , the dimensions of the rod are 3 mm × 82 mm. The two end surfaces of the Nd:YAG rod were well polished and coated with antireflective films at 1064 nm. The rod was side pumped by three QCW 808 nm diode laser (LD) linear arrays symmetrically, providing a maximum pump power of 280 W at 808 nm for a PRF of 500 Hz.
Results and Discussion
The laser power was measured by Ophir FL300A. The output power of seed laser versus the pump power was shown in Fig. 2 , the maximum output power of the seed was 53.4 W under the pump power of 260 W. A roll-over effect, i.e., the output power increased up to a maximum and then fell with the increase of the pump power was observed. The drop in the output power was attributed to the thermal effect of the Nd:YAG rods, which result in the oscillator work into the unstable zone. Fig. 2 shows the two dimensional (2-D) spatial intensity profile of the laser beam, which indicates that the 1064 nm seed laser was operating very close to Gaussian mode.
The wavelength and linewidth was detected by wavelength meter (Highfiness, WS-U10, 400 nm-1100 nm). The measured seed wavelength and linewidth were 1064.5956 nm and 0.36 pm, respectively. The temporal pulse characteristics was monitored by an InGaAs photodetector (ALPHALAS GMBH, UPD-40-UVIR-P, bandwidth >8.5 GHz) connected to a digital oscilloscope (Agilent, DPO 4104B-L, 1 GHz). The measured PRF of seed was 500 Hz with the pulse width of 108 μs.
The amplifier gain of the two-stage fundamental amplifier system in pulsed mode can be by means of seeding the system with a μs seed laser. The energy gain G for the rectangular pulse amplification can be described by [20] 
where E S is the saturation energy density given by with h being planck's constant, ν is the frequency of 1064 nm laser, and σ is the stimulated emission cross-section of 1064 nm line [21] ; E in is the input pulse energy density; and G 0 = exp(g 0 l) is the small-signal gain, where g 0 is the small-signal gain coefficient and l is the length of the gain medium. The small signal gain coefficient g 0 could be estimated as g 0 = η Q η S η a η T P/I S V , where η Q is the quantum efficiency, η S is thestokes efficiency, η α is the absorption efficiency, η T is the conversion efficiency, P is the pump power, I S is the saturation intensity equaling to E s /τ f with τ f being the life of upper laser level, and V is the volume of the pump region. The output pulse energy density from the amplifier was
For the nonrectangular input pulses, Eq. (1) and (2) were still good guides for the design of the amplifier. Due to the energy gain G is a function of the pump power P, the output power or pulse energy is related to P.
In the amplifier, a 53.4 W seed beam was injected into the first amplifier stage. After double passes through the LH3 and LH4, the output power was amplified to 138 W under pump power of 326.4 W. Similarly, the laser double passes through the LH5 and LH6, under the second amplifier pump power of 326.4 W, the maximum output power of the amplifier up to 238 W, as shown in Fig. 3 . This is the highest average-power for narrow-linewidth QCW μs pulse 1064 nm Nd:YAG laser. The blue solid circle and red triangle were the measured data for the first amplifier stage and second amplifier stage, respectively. The black was the calculated result from (1) and (2) . It can be seen that the measured results agreed well with the theoretical simulation until at the pump power of about 190 W, whereas the experimental data became lower than the calculated one with increasing pump power. This deviation arise from the amplified spontaneous emission (ASE) and the thermal effect in the rods. Besides, the slight discontinuities of the laser power before entering the next stage of the amplifier could be attribute to the slight diffraction loss caused by the aperture of the Nd:YAG rods as well as the adsorption losses owing to the rods and the mirrors.
The pulse temporal characteristic of the MOPA was shown in Fig. 4 . It depicts the pulse trains at a PRF of 500 Hz. The upper inset shows an expanded profile of a single pulse, indicating the FWHM pulse duration to be ∼108 μs. As seen in the inset, the laser spiking could be suppressed efficiently by inserting an intracavity nonlinear crystal in the oscillator. While a high-peak at the front-edge of the laser pulse trace results from the initial overshoot. This is analogous as reported in [22] and [23] .
The wavelength and linewidth of the MOPA was shown in Fig. 5 , it can be seen that the center wavelength is located at 1064.596 nm with a linewidth was 0.4 pm. The wavelength fluctuation was measured to be within ± 0.44 pm over 30 minutes with standard deviation of 100 fm. Fine wavelength tuning was done by changing the temperature of the thick etalon FP2 in the oscillator. Fig. 6 shows the wavelength of the MOPA as a function of the temperature of the etalon. As shown in Fig. 6 , when the temperature was changed from 47°C to 59°C, the wavelength of MOPA was continuously tuned from 1064.5328 nm to 1064.6521 nm, corresponding to a tunable range of 119.3 pm. Fig. 7 presents the beam quality factors of the MOPA at wavelength of 1064.596 nm under maximum output power. It was measured to be M 2 x = 1.62 in the x axis and M 2 y = 1.68 in the y axis, corresponding to an average value of M 2 to be 1.65. The upper inset in Fig. 7 shows the 2-D spatial intensity profile of the laser beam, which indicates that the MOPA was operating very close to Gaussian mode. Besides, considering practical application, especially in the frequency conversion, we greatly concern about the brightness B, which is defined as [24] 
where P is the output power, and λ is the wavelength of the laser. The brightness of the 1064 nm MOPA system laser was calculated to be 7.72 × 10 9 W/sr · cm 2 . Compared with the brightness of other work in [11] (P = 135 W, M 2 = 1.48, B = 5.44 × 10 9 W/sr · cm 2 ) and [15] (P = 150 W, M 2 = 1.8, B = 4.09 × 10 9 W/sr · cm 2 ), the present result is a significant improvement.
Conclusion
In summary, a MOPA system for producing high power high beam quality narrow-linewidth QCW μs pulse 1064 nm Nd:YAG laser was demonstrated. Based on two stage double pass LD side pumped amplifier architecture, the 108 μs amplifier output power was up to 238 W with linewidth of 0.4 pm and beam quality of M 2 = 1.65 at 500 Hz. Moreover, based on this high power 1064 nm MOPA system, the sum-frequency generation with a high power 1319 nm laser will get higher sumfrequency efficiency, and more than 100 W levels 589 nm laser could be expected, which could be split into five beamlet lasers of 20 W level for MLGSs, instead of five independent lasers [12] . Thus, it will prominent reduce the cost and volume of the laser system.
